The results of experimental research upon the assessment of gas permeability of porous materials with respect to the gas flow. The conducted research applied to natural materials with an anisotropic gapporous structure and -for comparative purposes -to model materials such as pumice and polyamide agglomerates. The research was conducted with the use of a special test stand that enables measuring the gas permeability with respect to three flow orientations compared with symmetric cubic-shaped samples. The research results show an explicit impact of the flow direction on the permeability of biochar, which results from their anisotropic internal structures. The permeability coefficient of such materials was determined and an experimental evaluation of the value of this coefficient was conducted with respect to the gas stream and the total pressure drop across the porous deposit.
Introduction
A large variety of porous deposits, both in terms of their use in the industrial technology, among others, leaching petroleum substances (Błaszczyk, 2014) , cleaning the air from the volatile organic compounds (Iliuta & Larachi, 2005; Janecki, Gą szczak, & Bartelmus, 2016) , bio-leaching black shale ores (Erust, Akcil, Gahan, Tusenuk, & Deveci, 2013; Bara nska & Sadowski, 2015) and the occurrence in the natural environment e filtration (Darcy, 1856; Strzelecki, Kostecki, & _ Zak, 2008) , movement of natural gases (e.g. methane) by rock masses (Krause, 2009) , the flow of reaction gases from the thermal gasification in the georeactor (Gregg & Edgar, 1978; Smoli nski, Sta nczyk, Kapusta, & Howaniec, 2013) or retention in the process of underground bioconversion when selecting strains of microorganisms to achieve the maximum biogas efficiency (Stachowiak, Nowak, & Sztromwasser, 2011) makes the flow of fluids through this type of materials very complex and still not fully recognised. At the same time, the reference books are quite varied in its subject matter, where a greater emphasis is placed on the application of hydrodynamic of the fluid flow through porous deposits (whether granular or frame-structured) than on basic research.
Although the reference books widely analyse the gas flow through porous materials, they do not clearly interpret and explicitly indicate the nature of hydrodynamic phenomena accompanying this process. This mainly results from a very complex and diversified structure of porous materials which e due to changeable flow conditions e entails difficulties in interpreting those phenomena and e frequently due to the changeable process scale -from porous grains to porous deposits. And although the reference books do not lack models that consider structural features of porous materials in their descriptions, especially in the aspect of homogenisation theory (Auriault & Caillerie, 1989; Auriault & Royer, 1993; Auriault, Strzelecki, Bauer, & He, 1990; Łyd _ zba, 1991 , 2002 , the impact of the anisotropic structure on the permeability of porous materials has not been sufficiently recognised. This situation becomes more complex with respect to the assessment of hydrodynamics of the gas flow through solid materials with porous (frame-structured) construction. At the same time, in this field it is difficult to find information on hydrodynamics of the gas flow through this type of porous materials.
In each case, the recognition of conditions of gas flow through porous deposits results in serious problems concerning the description of hydrodynamics and the evaluation of mechanisms of gas flow through those deposits, particularly due to their diversified construction and internal structure. On the other hand, by knowing those mechanisms, it is possible to evaluate process conditions that accompany hydrodynamics of gas flow through this type of materials, and, consequently, to thoroughly describe hydrodynamic conditions of gas flow through materials and porous deposits.
The assessment of gas permeability through porous deposits is significant for both process and technological reasons. In both cases, numerous attempts are made to search for effective methods for predicting permeability of porous materials, as well as effective ways of measuring and verifying the methods of this assessment. The methods used to measure gas permeability through porous deposits are very diversified in the literature, and it may be assumed that the only common feature of these methods is the structure of samplers, although there is no uniformly unified methods of this assessment. An additional difficulty in this regard is that the samples used in the research are of a different form and shape, and most often they are model deposits, which do not always correspond to the real conditions. A somewhat different aspect is that the assessment of gas permeability is generally carried out in one selected flow direction of the prepared sample, which in relation to porous natural materials leads to large quantitative errors. This state of affairs does not facilitate the transfer of measurement results to the real conditions, nor does it facilitate the establishment of clear criteria for the transfer of scale. This results in the individualisation of methods for assessing the gas permeability through porous deposits that are usually based on experimental formulas.
The examples included in the studies (Blicharski & Smulski, 2012; Darcy, 1856; Jansen, Meertens, & Wilms, 1964; Mertas, Sobolewski, & R o _ zycki, 2013; Miura & Nishioka, 1992; Nomura et al., 2010; Popielski, 2000; RILEM Technical Recommendation, 1999; Roga & Wnę kowska, 1952; Rozhkova, 2010; Shi, Xu, Shi, & Zhou, 2008; Tucker & Everitt, 1992, pp. 40e61; Sliwi nski & Tracz, 2013) were used to characterise and analyse the selected methods for measuring the gas permeability through various porous materials with: a) grain structure (soil, filter deposits), b) frame structure (pumice, coal, coke and other coal chars), c) capillary-porous structure (ceramic materials, concrete).
Virtually, in all the cases described in the literature there is no uniform view of the possibility of using in the gas flow hydrodynamics description the criteria for the assessment of gas permeability (gas flow stream). In addition, in the reference books there are considerable variations in the approach to the experimental assessment of the permeability parameters. It hinders to a great extent the possibility of the research results, which, consequently, leads to difficulties in adapting the existing computational models. An additional problem is the proper assessment of the nature of the flow and the actual flow parameters resulting from the structure of the porous deposit.
Materials and method
The permeability research was conducted upon a number of diversified types of materials, the average porosity of which ranged from 22% to 56%. Most of them were coal chars (cokes) from the thermal processing of hard coal and there are also materials like partially melted waste rocks (including volcanic ones), natural and synthetic pumice and porous agglomerate. The research material comprised various types of solid frame structures thoroughly analysed in the study by Wałowski and Filipczak (2016a,b) .
For selected types of porous material, a physical assessment of the structure of the tested materials was made. This was done on the basis of the available scanning image (SEM), as exemplified by the ex situ carbonisation sample shown in Fig. 1 . To evaluate such a complete picture field, selected areas were selected to allow the graphical identification of the structure of the porous surface. For this purpose, specialized software for object-oriented image analysis was used, Iris-MediCom Wroclaw. In the example shown in Fig. 1 , three such identification fields A, B and C are considered as representative of the cross-section. In each selected field (generally 1000 Â 1000 mm), the free space circuit in a given plane is graphically displayed, both in the form of microchannels and slots. Using the graphical software tools, the total pore size and average size of each plot were determined for each designated area A, B, C, and on this basis the average porosity of each field analysed and average pore diameter were determined. Then, for each sample analysed in this way, mean values of these samples were determined e corresponding to this analysis, the sample results are presented in Table 1 .
List of major signs
A total cross-section of the flow channel (m 2 ) 
Experimental stand
Experimental studies were carried out on a specially measuring set-up (Filipczak, Krause, & Wałowski, 2017) , the general scheme of which is shown in Fig. 2a . An essential element of this bench is a flow module (Fig. 2b) , in which a specimen of porous material (1) is placed. The specimens were cube shaped (Fig. 2c) , and the module flow channel design allowed for the measurements of permeability for each of the three main flow directions (X, Y, Z) by rotating the cubic specimen in a selected plane of the measuring cell (Wałowski & Filipczak, 2016a,b) .
To obtain the research objective, the detailed experimental tests were conducted to assess the gas permeability of porous materials with the diversified structure and the diversified process characteristics ( Table 2 ). The gas permeability research was conducted by using air as a working medium.
Scope and research methodology
To assess the hydrodynamics of the gas flow through porous materials, tests were carried out with respect to cubic-shaped samples Fig. 2c . Tests were conducted with reference to gas (air) to the extent of the permeability stream resulting from the reference pressure.
An independent evaluation of the pressure drop permeability function on the porous bed was made, assuming the XYZ directed flow characteristic of the cubic sample. It is worth mentioning that for the cubic-shaped sample permeability measurements were conducted independently for each selected flow direction by rotating this sample in the selected plane X, Y, Z of the measurement cell.
The purpose of the study is to assess the permeability that resulting from the pressure inducing this flow. In each case, this characteristic is determined by calculating the impact of the available overpressure on the obtained gas stream or vice versathe impact of the gas stream on the value of this overpressure that corresponds to a decline in this stream pressure. In the latter case, this corresponds to the determination of complete resistances of the gas flow through such deposit.
Results and discussion
Methods of measuring and evaluating the coefficient of gas permeability through porous deposits are very diversified as they most often result from the measurement methods adapted to specific process conditions. Additional limitations in this assessment are due to the large complexity of hydrodynamic phenomena that accompany the flow of gases through the porous media, which in turn entails difficulties in generalising this phenomenon.
As an example Figs. 3 and 4 compare values of the permeability coefficient according to various models with respect to various tested materials for the gas flow to the Z direction.
As you can see, in all cases very diversified results are obtained, both in terms of the calculation method used and the type of the material used. Just for coal char in situ (Fig. 3) 
where: K D e permeability coefficient acc. Darcy, m 2 ; u -apparent velocity, m/s; L e flow path length describing the porous bad height, m; h -fluid viscosity, Pa$s; DP e pressure drop, Pa;
where: K ASTM e permeability coefficient acc. ASTM, m 2 ; Q e volume flow rate, m 3 /s; p 0 -ambient pressure, Pa; h -fluid viscosity, Pa$s; L e flow path length describing the porous bad height, m; DP e pressure drop, Pa; F e cross-sectional area, m 2 ; ε -porosity.
Other studies do not give such clear results and the constant values of this coefficient determined according to the method of Dullien (Dullien & Azzam, 1973; Dullien, 1992; Macdonald, ElSayed, Mow, & Dullien, 1979 ) (3) and the method of Slichter (Deming & Anderson, 2005; Popielski, 2000; Slichter, 1899 Slichter, , 1905 (4) are explained by the fact that those methods only include structural parameters of the porous material. The similar notation is observed for the models of Forchheimer (Forchheimer, 1901; Hansen, 2007; Huang & Ayoub, 2008; Meyer, Bazan, & Walls, 2013; Peszy nska, Trykozko, & Sobieski, 2010; Scheidegger, 1974) (5) and of Brinkman (Brinkman, 1949; Hansen, 2007; Ranz & Marshall, 1952; Wałowski, Filipczak, & Krause, 2013) (6) , where the slight growth tendency results from considering gas characteristics in those models; 
where: K S e permeability coefficient acc. Slichter, m 2 ; m; ε e porosity; d ε e diameter of microchannel; 
where: K B e permeability coefficient acc. Brinkman, m 2 .
On the other hand, the completely different changes to the permeability coefficient may be observed for the model of Szczeł-kaczew (Pisarczyk, 2005; Szczełkaczew, 1948; Wałowski & Filipczak, 2016a,b) :
where: u e apparent velocity, m/s; h e fluid viscosity, Pa$s; g e gravitational acceleration, m/s 2 ; r e density of gas, kg/m 3 .
In this case, the description of hydrodynamics seems to be the closest to the physical structure of coal chars, i.e. their considerable fissuring. This indicates an increase in intensity of permeability along with an increase in pressure, without any choking effects.
It is also worth emphasizing the results referring to the model of Szczełkaczew (7) converted for materials of various diversity e Fig. 4 . Very small values of the permeability coefficient for such materials as coke, pumice, coal char ex situ prove that the structure of those materials is closed for the gas flow (blind and closed pores) Fig. 2 . Diagram of the test set-up with its equipment: a) measuring system: 1 -porous material (specimen), 2 -manometer, 3 -rotameter (3a -bubble flowmeter for the smaller flow rates), 4 -gas pressure regulator, 5 -control valve; b) flow module channel; c) measuring cell: 1 -sealing frame, 2 -specimen (D -inner diameter of flow module, a -specimen size). despite relatively high porosity (e.g. 63÷88% for pumice). On the other hand, such materials as coal char in situ and polyamide agglomerate -despite a relatively small porosity (32e42%) -are characterised by a highly intensive gas flow, which proves, on the one hand, their gap-porous structure (coal char) and, on the other hand, the full free surface for this flow and the regular structure of the material (porous polyamide).
In the context of large discrepancies, and numerous limitations in the use of models known in the literature, both in the aspect of porous structure and in the approach to gas hydrodynamics evaluation, such materials were attempted to develop their own model to assess the permeability coefficient.
As a rule, the own model was referred to the alternative approach to the assessment of the pressure drop as a result of local resistances as described by the equation:
where: DP e pressure drop, Pa; x e coefficient of drag flow; r e density, kg/m 3 ; u e velocity, m/s; which, with respect to the coefficient of resistance and velocity to the conditions described by the porosity value (ε) may be as follows:
where: DP e pressure drop, Pa; x ε e coefficient of drag flow; r g e density of gas, kg/m 3 , u ε e apparent velocity for the value calculated for porosity, m/s. The transformation of this equation leads to
where: DP e pressure drop, Pa; x ε e coefficient of drag flow; r g e density of gas, kg/m 3 , u ε e apparent velocity for the value calculated for porosity, m/s; Q g e gas stream, m 3 /s; A o e apparent crosssectional area or effective gas flow surface, m 2 ;
and further
where the effective surface of the gas flow results from the deposit porosity (ε) which, converted into the total cross-section of the flow channel, equals to
where: A o e apparent cross-sectional area or effective gas flow surface, m 2 ; ε e porosity; A e total cross-section of the flow channel, m 2 .
It is easy to notice that the expression
has the dimension of the surface, which in the hydrodynamic approach, enables considering them as the equivalent of the permeability coefficient. Therefore (from the definition)
where: K V e permeability coefficient, m 2 ; A o e apparent crosssectional area or effective gas flow surface, m 2 ; x ε e coefficient of drag flow. The gas stream is then described by the relation
While the hydrodynamic parameters (gas stream, deposit pressure drop, deposit porosity and gas type) are known, the value of the defined permeability coefficient can be determined experimentally. Then,
where: K V e permeability coefficient, m 2 ; Q g e gas stream, m 3 /s;
DP exp e measured pressure drop, Pa; r g e density of gas, kg/m 3 . When referring to this defined coefficient of permeability to the multi-plane flow directions X, Y, Z, (Q X , Q Y , Q Z ), for each of these we obtain Fig. 4 . Coefficient of gas permeability for Z direction of flow for porous materials according to the method of Szczelkaczew (7).
The resulting average volume value of the permeability coefficient may be calculated as a square mean
where: K V e permeability coefficient, m 2 ; K X e permeability coefficient for X-direction, m 2 ; K Y e permeability coefficient for Y-direction, m 2 ; K Z e permeability coefficient for Z-direction, m 2 .
Contrary to some models, this formula does not consider the effect of gas viscosity on the permeability, but it is experimental in nature, thus capturing all the gas properties that result from both temperature and pressure changes.
Exemplary results resulting from the experimental determination of the permeability coefficient are shown in Fig. 5 , in which a change in the value of this coefficient for a cubic coal char sample relative to the directed flow is shown. It is possible to observe the varying intensity of gas flow relative to each of the directions X, Y, Z, indicating the strong anisotropy of this type of material.
The characteristic feature of the relationship shown in Figs. 5 and 6 for describing this coefficient for other materials is the monotonous nature of the dependence of this coefficient with the increase in pressure. This indicates a proportional increase in permeability with increasing pressure, which is better suited to flow phenomena by porous structures. It also leads to the perception that this change is also conducive to the increase of the gas stream. Of course, as is apparent from the direct measurement of this stream, many materials also exhibit a very low permeability level e Fig. 6 e which is derived from the structure of these materials. A slightly better look at this result is given in the semilogarithmic set e Fig. 7 .
In all the investigated cases it was found that the highest permeability was in coal char in situ (I-1), somewhat smaller porous polyamide (XV-1) and Illawarra coke (II-26), which may be regarded as medium permeable materials. Indirectly, this could be explained by the even scale of their porosity. The smallest permeability had pumice-group materials, coke and coal char ex situ.
With respect to the pressure drop in the porous deposit, the measurement results indicate that practically for each type of material the gas flow resistance grows with an increase in permeability. This suggests a fully free flow of gas, the stream of which results solely from the nature of the permeability of the deposit and is not related to the choking of the medium.
The similar results are received for the method of Szczełkaczew (7). On the basis of the comparison of the experimental points shown in Fig. 8 there is a high convergence of own results to this method, which may be derived from the assumptions of the method of Szczełkaczew (7), which refers to the analogy of laminar flow in small diameter tubes. This is also demonstrated by the similarity of the model with this method in the permeability assessment of materials with the lowest permeability coefficient such as pumice, coal char ex situ and coke (Fig. 9) Physically, the permeability coefficient is a measure of the gas stream flowing through the porous material, and in formal terms it characterises the size of the cross-sectional area of the porous space open for such flow. The resulting values for this coefficient referenced to the mean gas velocity are shown in Fig. 9 .
In the physical interpretation, the results of these studies are consistent with the expectations, as indicated by the increasing nature of the gas permeability changes with increasing flow rates. Fig. 7 . Gas permeability coefficient of various materials determined according to own method (21) e half-logarithmic system. Fig. 8 . Distribution of experimental points for gas permeability coefficient according to method of Szczełkaczew (7) and own method (21) e half-logarithmic system.
Conclusions
The conducted experimental research results in the following conclusions:
The quantitative assessment of hydrodynamic parameters conducted with respect to books-based models, particularly in the aspect of flow resistances, has shown that none of the books-based models correctly correlate with the obtained research results. This is explained by great anisotropic properties of the tested materials and the restricted application of those models with respect to granular not frame-structured materials.
Our own calculative models developed on the basis of the acquired results basically describe a gas permeability co-efficient shows the consistence of the research results with the calculation results.
It has been proven that conditions of the quantitative assessment of hydrodynamics are affected by such characteristic parameters of the porous deposit as a porosity scale and anisotropic properties of its structure. Both of them considerably affect the gas permeability of the tested materials, which is considered in the theoretical assessment of this hydrodynamics.
